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SUMMARY  OF  PROGRESS 


We  have  achieved  a  number  of  our  proposed  goals,  which  are  reiterated 


below. 


To  develop  a  state  of  the  art  digital  data  acquisition  system  which 
can  simultaneously  digitize  16  channels  of  data  and  a  timinn  signal 
from  simultaneous  high  speed  movies. 

Develop  visualization  techniques  which  give  us  three-dimensional 
information  about  the  coherent  motions  under  investigation,  and 
which  can  be  used  with  simultaneous  hot-wire  anemometry. 

Obtain  length  scales  of  the  pocket  flow  module  and  compare  them 
to  the  streaky  structure  scales  as  well  as  the  scales  of  the  vortex 
ring-like  Typical  Eddies  of  the  outer  region. 

Determine  whether  the  pocket  flow  modules  (which  previously  had 
been  observed  to  create  the  largest  transfer  of  any  event  in  the 
wall  region)  occurred  as  frequently  as  the  bursts  found  by  Kline 
and  others. 

Determine  whether  the  passage  of  a  pocket  flow  module  resulted  in 
the  hot-wire  information  found  by  other  investigators  to  be  charac¬ 


teristic  of  the  bursting  process. 
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6.  To  obtain  simultaneous  visual  and  hot-wire  information  about  the 
interaction  of  the  outer  region  with  the  wall  which  produces  the 
pocket  flow  modules. 

7.  To  determine  the  accuracy  of  the  vortex  ring/wall  interaction 
model  of  the  pocket  flow  module. 

We  have  met  goals  1-5,  although  as  of  September  30,  our  data 
acquisition  system  was  not  operating  due  to  an  unfortunate  accident. 
Information  obtained  during  this  year  has  indicated  that  goals  6  and  7 
will  require  more  study.  Figures  1  through  7  as  well  as  AIAA  Paper 
80-1356  summarize  the  results  obtained. 

Figure  1  shows  the  rate  of  occurrence  of  pockets  compared  to  the 
burst  rate  found  in  the  Stanford  studies.  Both  the  overall  frequency 
of  occurrence  of  pockets,  and  the  frequency  of  occurrence  of  pockets 
during  their  ejection  phase,  is  shown.  We  see  that  the  correspondence 
between  the  occurrence  of  pocktcs  ejecting  sublayer  fluid  and  the  ejections 
found  in  the  Stanford  studies  is  excellent.  Furthermore,  we  see  that 
pockets  are  observed  approximately  four  times  as  often,  thus  three  out 
of  four  times  that  pockets  pass  our  measurement  station  they  are  not 
in  their  ejection  phase.  The  data  has  been  scaled  usino  wall  layer  vari¬ 
ables,  which  remove  the  Reynolds  number  dependence  significantly  better 
than  outer  layer  variables.  This  suggests  that  the  large  scale  motions 
(proportional  to  the  boundary  layer  thickness)  which  scale  on  Um  and 
delta,  do  not  control  the  bursting  process  as  had  been  previously  thouqht. 

Figure  2  shows  the  ratio  of  the  pocket  flow  module  cross-stream 
dimension  to  the  streaky  structure  (Stanford  studies  and  others)  spacino, 
both  measured  in  our  wind  tunnel  over  approximately  a  decade  in  Reynolds 
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number.  We  see  that  the  pockets  scale  exactly  as  the  overall  streaky 
structure.  This  reinforced  our  earlier  observation  (Falco,  Sixth 
Biennial  Symposium  on  Turbulence,  Rolla,  1979),  that  the  streaky 
structure  was  the  result  of  pockets  forming  both  singly  and  in  groups. 

Figure  3  shows  the  ratio  of  the  vortex  ring-like  Typical  Eddies, 
which  form  away  from  the  wall,  to  the  overall  streaky  structure  spacing. 

We  can  only  conveniently  measure  the  streamwise  and  normal  Typical  Eddy 
scales,  but  the  spanwise  scale  falls  in  between  these  two.  We  can  aaain 
see  that  there  is  a  remarkable  correspondence  in  scales,  especially 
considering  that  the  measurements  extend  over  a  decade  of  Reynolds  number. 
This  suggests  that  Typical  Eddies  might  very  well  be  associated  with 
the  formation  of  pockets,  and  therefore  with  the  streaky  structure. 

Figure  4  shows  that  the  Typical  Eddies  are  approximately  equal  in 
size  to  the  Taylor  microscale.  Thus  we  see  that  if  Typical  Eddies  are 
producing  the  pockets,  the  pockets  are  produced  by  microscale  motions, 
not  the  large  eddies  of  the  boundary  layer.  This  possibility  is  con¬ 
sistent  with  the  scaling  found  for  the  time  between  pockets  (fiqure  1). 

Goal  number  5  has  been  attained  as  described  in  AIAA  Paper  80-1356 
(enclosed).  In  summary,  we  have  found  that  the  pocket  flow  module  evolves 
through  a  series  of  five  stages.  Each  of  these  stages  exhibits  an  event 
which  has  been  the  subject  of  study  of  other  investigators.  Thus,  strono 
sweeps,  streamwise  lift-up  and  oscillation,  the  formation  of  sharp  shear 
layers,  ejection  and  breakup  events  are  all  part  of  the  pocket  flow  module's 
evolution! 

Figure  5  shows  a  comparison  of  the  data  from  the  Blackwelder  and 
Kaplan's  burst  detection  scheme  and  the  •  uv  signatures  from  the  pockets 
during  stages  three  and  four.  Considering  that  the  techniques  of  condi - 
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tional  sampling  are  entirely  different,  the  correspondence  is  quite 
good.  It  suggests  that  their  "vita"  technique  picks  up  the  sharp  shear 
layer  that  forms  during  stages  three  and  four  of  the  pocket  evolution. 

If  this  is  true,  then  their  explanation  of  the  origin  of  the  ejection 
as  due  to  this  shear  layer  becoming  unstable  would  not  be  correct,  since 
we  are  in  the  middle  of  the  pocket  flow  module  evolution.  Furthermore, 
it  is  clear  from  figure  4  of  the  AIAA  paper,  that  although  some  of  the 
Reynolds  stress  is  detected  by  the  "vita"  technique,  a  large  fraction 
is  not. 

Figure  6  shows  a  photo  of  a  vortex  ring-like  Typical  Eddy  approaching 
the  wall.  The  top  of  the  ring  is  approximately  100  y+.  Flow  is  from 
right  to  left.  We  are  currently  attempting  to  obtain  laser  sheet  side 
views  of  this  quality  with  simultaneous  plan  views  showing  the  pocket 
patterns  (see  figure  1  of  the  AIAA  paper),  along  with  four  or  possibly 
eight  wire  probes  to  allow  us  to  determine  the  nature  of  the  interaction 
of  naturally  created  vortex  rings  with  the  wall  layer  flow  in  the  fully 
turbulent  boundary  layer.  To  help  us  understand,  and  to  make  us  aware  to 
look  for  details  of  this  interaction,  we  are  concurrently  studying  the 
interaction  of  an  artificially  generated  vortex  ring  with  a  wall.  This 
model  flow  field  not  only  exhibits  all  of  the  features  discussed  above, 
but  in  addition  explicitly  shows  the  role  of  vortices  in  the  formation 
of  the  pocket  pattern,  in  the  streamwise  lift-up  of  wall  layer  fluid, 
and  in  the  ejection  of  fluid  from  the  downstream  portion  of  the  pocket. 

We  hope  to  be  able  to  examine  the  detailed  role  that  vortices  play  in 
the  evolution  of  the  pockets  found  in  real  turbulent  boundary  layers 
in  the  near  future. 
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Abstract 

Simultaneous  visual  and  hot-wire 
anemometer  measurements  of  the  flow  In  the 
wall  region  of  turbulent  boundary  layers 
nave  revealed  a  close  connection  between 
local  repetitive  visual  patterns  seen  In 
tne  sublayer  in  plan  view;  wallward  moving 
nigh  speed  fluid  (  sweeps  ),  and  ejections 
ol  sublayer  fluid,  seen  in  side  views;  and 
periods  of  important  pert u roat Ion s  In  the 
variables  u,  v,  uv,  du/dy,  ou/dx,  and  dv/dx 
near  tne  region  of  maximum  turbulence 
production  Our  interpretation  of  tne  data 
indicates  tnat  tne  turbulence  production 
process  Is  Initiated  when  a 
tnree-dimenslonal  vortical  sweep,  of  scale 
tne  0(100)  wall  layer  units,  Interacts  with 
tne  wall,  and  that  it  is  completely 
oescrloaole  in  terms  of  tne  evolution  of 
tne  resulting  three-dimensional  vortical 
sweep/wall  Interaction.  It  Is  anown  that 
tnls  (low  module  contains  the  features  of 
tne  turbulence  production  mechanism  that 
nave  oeen  observed  by  many  1 n ves t 1 ga t ora . 

1  .  lntroduct Ion 

Ine  search  for  mechanisms  responsible 
(or  tne  production  of  turbulence  near  a 
wail  nas  resulted  In  a  largo  number  of 
semi -empl r lea  1  models,  some  of  these 
explicitly  model  the  longer  time  scale 
events,  and  Infer  that  rapid  breakdown  of 
tne  wall  region  flow  will  ensue  as  a  result 
ol  the  modifications  these  motions  make  to 
the  mean  velocity  profile,  while  others  are 
principally  concerned  with  detailing  the 
period  during  which  the  rapid  changes 
occur.  Models  of  tne  first  kind  have  been 
put  forth  by  Townsend, 1  bakewell  and 
Lumley.k  Lee,  tckelman  and  Hanratty,3  and 
others  ihese  consist  principally  of 
streamwlse  orientated  vortices  which  are 
attacned  to  tne  wall.  From  space-time 
correlation  measurements,  Bakewell  and 
Lumley  found  little  fall-off  of  the 
correlation  of  streamwlse  velocity  (  u  ) 
over  «0  viscous  lengths,  suggesting  that 
tne  vortices  are  well  correlated  over  this 
length,  oome  authors  have  hypothesized  that 
tne  vortices  extend  tne  order  of  x*  :  1000 
(  x+  =  xu*/U  ),  which  corresponds  to 
tne  order  of  tne  longest  streaks  found  In 
wall  region  visualizations  Recent  probe 
measurements  of  blackwelder  and  tckelmann1* 
nave  confirmed  the  existence  of  streamwlse 
vortietty  in  tne  sublayer,  and  suggest  that 
it  occurs  in  counterrotating  vortex  pairs, 
but  they  were  unable  to  measure  the  lengtn 
of  tne  vortices 

Models  which  are  concerned  with  the 
details  of  tne  rapid  breakdown  of  sublayer 
fluid  documented  by  Kline,  and  co-workers 


at  otanforo  uni  ve  rs  i  t  y  ,  6 .  6  >  7  >  0  Corlno  ana 
brooxey,^  urass,'®  and  others,  nave 
nypotrcsxzed  many  different  mechanisms  to 
-escribe  tne  events,  lnese  include 
instability  of  the  Instantaneously 
inflected  velocity  pro file, 2,7, 11 
separation  of  tne  wall  layers  resulting 
from  local  adverse  pressure  gradients,6 
formation  of  sharp  shear  layers  which 
become  unstable.'*  inflows  and 
cont inu 1 1 y , 1 3 > *  *  wave  focusing,'6  vortex 
induced  llft-up  of  wall  layer 
t luia , 1b » 1 7 • 1 6 » 1 ^  vortex-wall 


instabilities.^  and  vortex  ring/wall 
2  1 


interactions .  • 


it  is  possible,  by  Ignoring  the  many 
detailed  differences  in  these  models,  to 
classify  them  as  models  wnlch  start  with 
concentrated  vorticity,  and  describe  tne 
results  of  stretching  of  this  vorticity  on 
the  wall  region  flow,  or  models  which  start 
with  tne  ioroation  of  a  shear  layer  in  the 
wall  region,  the  breakdown  of  which  results 
in  the  ejection  of  fluid  into  the  outer 
region.  An  exception  is  the  model  of  Ref. 
1*4,  wnich  relies  solely  upon  continuity. 


bounds  on  the  time  scales,  and  a 
pretty  accurate  estimate  of  the  velocity 
scale  of  tne  wall  region  events  nave  been 
establis  ed.  Practically  all  of  the 
interesting  events  in  the  wall  layers  take 
place  in  t*  x  tu^/y  of  less  than  , 
and  that  within  this  period,  nigh  shear 
layers  develop,  intense  uv  contri out  ions 
due  to  nign  speed  fluid  moving  towards  tne 
wall  occur  (sweeps),  as  well  as  Intense  uv 
contri out  ions  due  to  fluid  moving  away  from 
tne  wall  (ejections),  and  pressure  peaks  of 
ootn  positive  and  negative  sign 
r ur t ne r more  ,  both  space-time  correlation 
estimates  and  measurements  of  the  passage 
of  eitner  a  visual  impression  (  such  as  a 
pocket  ),  or  a  pressure  pulse,  indicate 
tnat  tne  convection  velocity  is 
approximately  .  .  An  important  point  for 

ooth  of  tnese  quantities  is  that  there  does 
not  appear  to  be  a  significant  Reynolds 
number  dependence.  ihus  it  is  possible  to 
convert  from  time  scales  to  lengtn  scales 
for  tne  purposes  of  comparison,  with 
relative  confidence. 


Ine  forgoing  information  suggests  that 
visualization  of  tne  wall  region  should 
reveal  disturbances  with  a  length  5 ;  a  1  e  tne 
order  of  1*  =  Qt  *  _)  uc/*<  100,  for 

Dursts,  or  sleeps,  or  lew  pressure  pulses, 
or  nign  shear  layers  Combining  this  fact 
witn  tne  spanwlse  scale  of  wall  layer 
events  (  Ref.  j,b,6  )  which  is 
approximately  z+  =  100,  it  is  expected 

tnat  •■local”  u  ree-dlmensional  features 
will  mark  tne  bursting  process  Falcone 
first  reported  visual  indications  of  tne 
appearance  of  coherent,  repetitive 
disturbances  of  tnls  scale  in  the  sublayer 
of  a  turbulent  boundary  layer,  which 
occurred  at  ran  do. a  positions  with  respect 
to  the  longer  streaky  structure  (  see  Ref. 
b,o, 7,0  )  lhe  technique  used  was  to  fill 

tne  boundary  layer  with  oil  fog 


contaminant,  and  tlsen  allow  It  to  wash  out. 

A  sheet  of  laser  light  Illuminated  the 
region  from  y*  =  9  to  Id.  After  some  time,  a 
condition  existed  In  which,  on  average, 
there  was  smoke  Between  the  laser  sheet  and 
the  wall,  but  clear  fluid  above.  During 
thla  period  we  could  see  regions  of  claar 
fluid  of  the  acales  mentioned  above  forming 
In  the  light  sheet.  Because  of  their 
appesrance  and  small  seals,  wa  oalled  the 
regions  "pockets*.  It  has  turned  out  that 
tne  pocket  patterns  are  more  clearly  seen 
using  the  flow  vlsuallzstlon  technique, 
used  extensively  st  Stanford,  of  oozing 
marker  Into  the  sublayer  through  a  slit  in 
the  wall.  Figure  1  shows  two  photos  of  the 
suolayer.  The  pocket  patterns  are  clearly 
seen.  The  exact  shape  depends  upon  the 
stage  of  evolution  of  the  pockets  as 
discussed  below.  The  average  scale  of  these 
patterns  is  the  order  of  x*  S  100,  i*  t 
100  (  Falco20  ),  and  their  average 
convection  vel  .ty  is  approximately  the 
same  as  reported  for  other  indications  of 
important  wall  region  events.  Thus,  the 
pocket  pattern  appears  to  be  associated 
with  the  bursting  process.  It  was 
unexpected,  however,  to  find  that  pockets 
appeared  both  when  the  long  streaky 
structure  broke  up  (  Stanford  references  )• 
as  well  as  In  between  the  long  streaks. 

we  Intend  to  show  that  the  pocket 
pattern  is,  In  fact,  the  footprint  of  the 
turbulence  production  process  that  has  been 
ldentlfed  In  the  above  mentioned 
Investigations,  and  that  the  pocket  flow 
module  Incorporates  both  the  sweep  and 
ejection  events  as  well  as  the  formation  of 
an  Intense  shear  layer. 

11.  Experimental  Techniques 

txperlments  we,,  e  conducted  In  a 
continuously  running  boundary  layer  flow 
visualization  tunnel.  The  flow  was  made 
visible  by  contaminating  It  with  tiny  oil 
droplets.  This  marked  fluid  nas  been 
visualized  with  both  flood  lighting,  and 
laser  llgnt  which  was  expanded  into  a 
sheet.  Details  of  both  the  tunnel  and  riow 
visualization  technique  are  described  In 
kef.  25.  For  the  present  experiments,  two 
additional  techniques  have  been  used  to 
visualize  the  now.  The  oil  fog  "wash  out" 
tecnnlque,  mentioned  In  the  Introduction, 
is  a  tecnnlque  which  allows  a  qua s 1 -un 1 f orm 
concentration  of  marker  to  be  present  In 
the  wall  region  over  several  boundary  layer 
thicknesses,  without  problems  associated 
with  marker  Introduction.  This  was  used 
together  with  one  or  more  sheets  of  laser 
llgnt,  whlcn  could  be  placed  where  desired, 
ine  otner  was  the  smoke  silt  technique.  A 
specially  designed  silt,  which  Introduced 
oil-fog  at  9  degrees  to  the  oncoming  flow, 
across  a  30  cm  line,  was  combined  with 
flood  light  Illumination,  to  obtain  an 
alternative  view  of  tne  pockets,  and  get 
better  Information  about  llft-ups. 

hot-wires  were  placed  In  the  flow  In 
several  of  tne  experiments.  Details  of  the 


probes,  calibration  techniques,  and  data 
acquisition,  are  described  in  ftef.  23  and 
25.  briefly,  the  system  allowed 
simultaneous  sampling  of  all  the  wires.  The 
most  used  probe  arrangement  consisted  of  A 
wires,  two  arranged  In  an  x  and  two 
parallel  to  each  otner,  so  that  u,  v,  uv, 
and  du/dy  could  be  directly  obtained,  and 
du/dx  and  dv/dx  Inferred  using  a  local 
Taylor  hypothesis.  Combining  dv/dx  and 
du/dy ,  was  obtained.  At  Re  c  lObb,  the 

parallel  wires  and  the  x-wlres  were 
separated  by  y*  =  3.6.  Additional  details 
are  given  later. 

III.  Results 

It  Is  important  to  distinguish,  at  the 
outset,  the  difference  between  the  visual 
pocket  pattern  imposed  on  the  marker  In  the 
wall  region,  and  the  signatures  resulting 
from  tne  flow  at  various  probe  positions 
within,  to  the  side  of,  and  above  the 
pattern.  If  we  assume  that  some  flow  module 
is  responsible  for  the  pocket  pattern  In 
the  wall  layers,  then  the  signals  and 
visual  pattern  must  show  a  strong 
correlation,  but  will  not,  in  general,  show 
a  one  to  one  correspondence.  Falco21*  nas 
found  that  in  the  case  of  pocket  patterns 
that  formed  witnln  a  laminar  boundary  layer 
that  was  perturbed  by  a  turbulent  wave,  tne 
hot-wire  signals  Indicated  the  occurrence 
of  significant  perturbations  both  within 
the  visually  defined  boundaries  of  the 
pocket  pattern,  as  well  as  within 
approximately  one  pocket  lengtn  downstream 
of  the  pattern.  In  this  case,  both  hot-wire 
and  visual  signals  Indicated  that  a  flow 
module  was  approaching  the  wall.  It 
produced  tne  pocket  pattern  as  well  as  the 
perturbations  Just  downstream  of  tne  pocket 
pattern.  Based  upon  this  Information,  we 
will  call  tne  entire  sequence  of  events 
that  is  associated  with  the  formation  and 
evolution  of  the  visual  Impression,  and  of 
tne  hot-wire  signals  In  the  wall  region 
whlcn  are  associated  with  the  pattern  the 
"pocket  flew  module". 

It  Is  Important  to  determine  the  rate 
at  whlcn  the  pocket  pattern  passed  a  fixed 
point,  and  to  compare  this  with  the 
measured  burst  rate  obtained  by  a  number  of 
investigators  In  order  to  compare 
information,  we  nad  to  count  pockets  that 
were  resulting  In  tne  llft-up  of  wall  layer 
fluid  as  they  crossed  the  observation 
point.  From  our  experience  with  pockets  ( 
see  Ref.  23,2k),  we  new  that  the  majority 
of  tne  llft-ups  occurred  after  the  pocket 
reached  Its  "fully  developed"  state.  Tnls 
stage  in  the  pocket  evolution  Is 
cn a r a c t e r 1  zed  by  the  development  of  a 
pointed  appearance  of  Its  upstream  boundary 
(  details  are  given  below  ).  Counting  only 
fully  developed  pockets,  the  number  of 
pockets  per  second,  non- jitenslonal 1  led  by 
the  free  stream  velocity  and  the  boundary 
layer  thickness  at  =  1355,  is 

approximately  5  fable  1  compares  this 
value  with  others  found  in  turbulent 
boundary  layers  It  Is  concluded  that 


pocket  flow  nodules  nust  be  associated  with 
the  bursting  process.  Furthermore,  It  la 
worth  noting  that  If  pockets  were  counted 
without  regard  to  their  stage  of  evolution, 
the  rate  of  occurrence  Increases 
considerably . 

Inspection  of  the  coabined 
simultaneous  visualized  wall  layer  flow  and 
hot-wire  aeasurements ,  nave  shown  a  high 
correlation  between  the  evolution  of  the 
pockets  in  which  there  is  a  rapid  evolution 
of  the  marker,  and  the  periods  of  high 
instantaneous  keynolda  stress,  high  shear 
and/or  vorticlty.  The  picture  is,  however, 
coaplicated,  due  to  the  rapid  evolution  and 
change  In  the  phasing  of  these  quantities. 
It  has  been  found  that  all  four  of  the 
possiDle  motions  that  can  contribute  to 
Heynolds  stress  are  associated  with  the 
pocket  flow  module  at  different  times  in 
its  evolution.  These  four  events  have  been 
called  ejections  (  u(-),  v  C ♦ ) ) ,  sweeps  { 
u(»),  v  (  —  ) )  ,  Inward  interactions  (  u(  +  ), 
v (  — ) )  ,  and  outward  interactions  (  u(»), 
v ( ♦ )  )  ,  see  Wallace  et  ml.26  It  is  thus 
necessary  to  examine  signatures  at  specific 
times  after  formation  of  a  pocket  pattern 
to  uncover  the  fact  that  a  highly  coherent 
evolution  takes  place.  Measurements  of  the 
lifetimes  of  pockets  have  shown  that  they 
persist  for  the  order  of  t*  *30.  However, 
they  evolve  continually  over  this  time 
period.  Experience  has  shown  that  the 
signal  response  can  change  slgnf lcantly  in 
t*  *  6,  whicn  Is  short  compared  to  the 
time  of  passage  of  the  pocket  flow  module 
over  a  wire,  which  depending  upon  the  stage 
of  evolution,  ranges  from  t»  s  10-30.  This 
fact,  combined  with  the  difficulty  in 
determining  the  moment  of  formation  of  a 
pocxet,  has  made  the  process  of 
accumulating  ensemble  averages  of  the 
pocket  signatures  at  various  representative 
Intervals  in  the  evolution  of  the  flow 
module  a  prolonged  task.  Thus,  the  results 
presented  herein  will  be  qualitatively 
representative  of  the  evolution.  Work  is  In 
progress  to  more  accurately  measure  pocket 
inception  and  to  build  sufficiently  large 
ensembles,  however,  the  nature  of  the 
turbulence  production  mechanism  can  be 
clearly  shown  with  the  present  information. 

Fig.  2  shows  simultaneous  records  of 
uv,  du/dx,  dv/dx,  du/dy,  v,  and  u,  for  b 
boundary  layer  thicknesses.  The  boundary 
layer  conditions  are:  Rg  z  1068,  u*  *.1o1 
(t/sec  delta  *  6  in,  y*  z  16.  We  can  see 
tnat  tnere  are  two  regions  where 
significant  uv  contributions  occur,  if  we 
compare  the  signals  with  the  long  time 
average  value  of  uv,  -.016  ft**2/sec.  we 
nave  Inspected  records  such  as  these 
covering  207  delta,  from  this  sample  we 
confirmed  that  these  peaks  are 
representative  of  Instances  of  large  uv. 
Iney  are  respectively  6.6  and  10  times  the 
average  uv.  Tne  recent  work  of  Comte-Bellot 
et  el, *7  also  suggests  that  these  peaks 
are  slgnflcantly  higher  than  their  quadrant 
oreakdown  descr 1  ml na 1 1  on  technique 
requires.  Our  simultaneous  visual 


aeasurements  have  snown  that  botn  of  these 
peaks  have  resulted  from  tne  passage  of 
pockets.  Tne  tine  for  passage  of  the 
earlier  evolving  pocket  flow  module  was  t* 

*  23,  while  the  later  pocket  required  t*  * 
26  to  pass  over  the  wire,  lhese  times  are 
indicated  by  vertical  dotted  lines  in  the 
figure.  Although  both  signatures  resulted 
from  the  passage  of  pockets,  they  are 
significantly  different  in  content.  The 
earlier  signature  contributes  It  largest  uv 
as  the  result  of  upward  moving  low  speed 
fluid,  l.e.  An  ejection,  whereas  the  later 
signal  contributes  Its  largest  uv  due  to 
wallward  moving  high  speed  fluid,  l.e.,  a 
sweep.  The  age  of  tne  two  pockets  was  t*  * 
16  and  t*  *  12  respectively.  Inspection  of 
tne  remainder  of  tne  data  record  revealed 
tnat  a  very  high  correlation  existed 
between  significant  perturbations  in  the 
uv,  du/dx  and  dv/dx  and  du/dy  signals,  and 
the  passage  of  the  visual  pocket  pattern. 
Signals  such  as  those  in  Fig.  2  suggested 
tnat  the  signatures  were  evolving  In  a 
consistant  manner  as  the  pocket  evolved, 
and  that  the  evolution  Involved  creation  of 
both  ejections  and  sweeps  as  well  as  the 
other  interactions  and  tne  formation  of 
intense  shear  layers. 

An  example  of  the  strong 
correspondence  between  the  pocket  and  the 
signal  perturbations  Is  exemplified  by  the 
velocity  gradient  du/dy.  Ihe  number  of 
du/dy  peaks  which  were  greater  tnan 
2<du/dy>  was  first  round.  Tnere  were  67  of 
them.  Then  the  movies  were  examined  to 
determine  what  percentage  of  tnese  peaks 
was  attributable  to  pockets.  It  was  found 
that  66  were,  an  astonishing  9b  per  cent. 

We  tnen  determined  the  age  of  tne  pockets 
that  were  associated  with  the  high  peaks. 
Tne  result  is  shown  in  Fig.  3.  It  can  be 
seen  that  pockets  had  to  be  at  least  t*  * 

8  old  before  being  able  to  produce  a  shear 
layer  of  tnls  magnitude,  and  that  pockets 
older  than  about  t*  *  30  rarely  contained 
such  a  nigh  shear  layer.  The  average  age  of 
pockets  contributing  du/dy  >  2  <du/dy>  was 
t*  r  1o.  Vorticlty  peaks  at  2<du/dy>  were 
of  duration  t*  *  3  with  a  standard 
deviation  of  t»  z  1.7.  Pockets  which  were 
younger  than  t ♦  zb  were  found  to  exhibit 
a  different  du/dy  signature.  In  general 
they  were  associated  with  values  of  du/dy 
which  were  lower  tnan  the  mean  value. 

Further  progress  in  understanding  tne 
pocket  evolution  requires  a  breakdown  of 
tne  evolution  into  stages,  each 
characterized  by  the  dominance  of  one  of 
tne  heynolds  stress  producing  events.  Tne 
data  indicated  tnat  it  was  possible  to  come 
close  to  achieving  tnls  goal,  by  Identlfing 
five  stages  in  tne  evolution  of  tne  pocket 
flow  module.  We  will  now  discuss  these  five 
stages  paying  special  attention  to  the  uv, 
du/dy,  and  u  signatures,  and  the  visual 
impression  of  tne  pocket  from  its 
Inception,  fig.  6  shows  tnese  three 
signatures  and  tne  visualized  pocket 
pattern  for  eacn  of  tne  five  stages  Ine 
stages  olffer  somewhat  in  duration.  Stages 
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on*  through  three  have  a  duration  of 
approximately  l*  =  o .  Stag*  four  had  a 
duration  of  t*  =  12,  and  stag*  fly*  was 
approximately  the  same  duration.  Thar*  was 
an  overlap  of  approximately  t*  <4  froa 
the  measured  tlae  of  pocket  pattern 
foraatlon,  to  a  given  stage,  The  variation 
in  the  signals,  the  faot  that  rapid 
evolution  occurs  In  t*  *  4,  and  the 
uncertainty  of  the  Inception  Instant  all 
coablned  to  Halt  our  resolution.  It  should 
be  noted  that  the  data  uas  digitized  at  a 
rat*  of  10  points  per  t+i  so  that  the 
resolution  problems  were  confined  to  tne 
visual  aeasureaents .  The  signatures  are 
-eyeball*  enseable  averages  of  the  signals 
froa  1b,  7,  6,  9  and  17  occurrences  of 
stages  one  tnrough  five  respectively, 
because  of  the  considerable  coherence  of 
the  evolution,  the  qualitative  features  of 
tne  stages  are  adequately  represented  by 
saaples  of  this  size.  An  atteapt  has  been 
aad*  to  Indicate  approximate 
non -d 1 ae ns  1 ona 1  aagnltudas  of  the  signals 
and  to  draw  the  teaporal  extent  so  as  to 
approxlaately  scale  with  the  visual 
lapresslon.  In  all  cases,  only  pockets 
wnich  essentially  centered  theaselves  along 
the  probe  path  were  used.  This  criteria  was 
applied  loosely,  because  of  the  obivous 
difficulties,  but  enough  observations  of 
pockets  In  the  relevant  stages  which  were 
not  very  well  centered  were  aade  to  add 
qualitative  confidence  to  the  discussion 
which  follows. 

We  begin  with  stage  one,  which 
includes  pockets  that  intersect  the  wire 
anywhere  fro*  their  inception,  to  t*  *  8 
afterwards.  The  visual  lapresslon  in  either 
the  laser  sheet  Illuminated  buffer  layer, 
or  in  the  sheet  of  Barker  oozed  out  of  * 
slit  in  the  wall,  Is  of  a  roundish  hole 
being  created  in  the  saoke-oarked  wall 
region.  It  appears  as  If  the  marker  has 
been  pushed  out  of  tne  way  by  a  wallward 
moving  disturbance.  Tne  streamwlse  velocity 
la  hlgn  over  the  entire  hole,  and  the  uv 
signal  It  the  order  of  10<uv>.  The  highest 
uv  signals  of  the  entire  record  were  found 
during  this  stage  of  evolution  of  the 
pocket  flow  module.  Tne  shear  du/dy  is  less 
than  the  long  time  average.  Thus  we  can 
conclude  that  pockets  are  formed  by  sweeps 
which  come  to  the  wall.  It  Is  worth 
remarking  that  we  would  not  In  general 
expect  tne  low  value  of  du/dy,  since  both 
tne  flow  models  of  Ref.  12  and  Ref.  13 
suggest  that  Incoming  high  speed  fluid 
results  In  a  high  shear  at  Its  Interface  as 
It  approaches  the  wall.  Furthermore,  in 
only  1  out  of  the  1b  stage  one  pocket 
events,  was  du/dx  significant.  Taken 
together,  tne  absence  of  both  of  tnese 
shears  argues  against  the  hypothesis  that 
Incoming  hlgner  speed  fluid  results  in  an 
intense,  sharp  shear  layer.  We  will  return 
to  this  point  later . 

Stag e  two  Is  character  1  zed  by  the 
formation  of  the  characteristic  crescent 
shape  (  see  Fig.  4  ),  between  t*  s  4  and 
t*  s  12.  Flow  visualization  at  this  stage 


1 n ul cates  the  llft-up  of  sublayer  fluid  and 
its  rotation  about  a  vortex  which  is 
apparently  formed  or  amplified  along  tne 
boundary  of  the  crescent  shaped  pocket  i 
Falco'd  ).  both  laser  sheet  visualization 
and  sublayer  slit  visualization  (using 
flood  lighting)  show  this  llft-up  of 
sublayer  fluid,  and  its  rapid  return  back 
to  the  wall.  Inis  rotation  nas  tne  saae 
sign  as  the  vortlclty  of  tne  aean  flow  at 
the  upstream  end  of  tne  pocket  The  vortex 
however,  follows  the  contours  of  tne 
crescent,  and  thus  has  a  streamwlse 
orientated  portion,  lhe  streamwlse  velocity 
signal  during  this  stage  continues  to 
indicate  that  high  speed  fluid  is  in  tne 
pocket.  The  uv  signal  remains  strongly 
negative,  indicating  the  continued  presence 
of  the  sweep,  however,  a  dramatic  change 
has  occurred  in  the  du/dy  signal.  It  nas 
become  strongly  positive  near  the  upstream 
end  of  the  pocket  pattern.  Tnls  result 
supports  the  visual  observations  mentioned 
above  t  also  see  Hef.  23  ),  that  a  vortex 
nas  formed,  or  that  vortlclty  has  been 
amplified  along  tne  pocket  boundary. 
Furthermore ,  du/dx  remains  small, 
indicating  that  tne  now  within  tne  pocket 
is  not  an  inclined  shear  layer.  This  gives 
additional  support  to  tne  picture  of  a 
vortex  at  the  boundary. 

Stage  three  occurs  in  pockets  that  are 
between  t*  x  0  and  16  old.  Tne  pocket 
pattern  becomes  pointed  at  its  upstream 
end,  and  elongated.  Tne  lifting  up  or 
sublayer  fluid  continues,  but  Is  primarily 
observed  to  nappen  along  tne  sides  or  the 
pocket  as  Indicated  in  Fig  4.  Tne 
streamwlse  velocity  perturbation  begins  to 
show  the  formation  of  a  region  of  low 
velocity  f orming  a  little  bit  downstream  of 
tne  pocket  pattern,  however,  within  the 
boundaries  of  tne  poexet  nlgn  speed  fluid 
continues  to  move  towards  the  wall 
maintaining  the  large  uv  contribution  Tne 
uv  signature  shows  that  Just  downstream  of 
the  pocket  pattern  an  ejection  Is 
developing.  At  the  downstream  boundary  uv 
Is  positive,  Indicating  the  hlgn  speed 
fluid  is  moving  away  from  the  wall  (  an 
outward  Interaction  ).  The  velocity 
gradient  du/dy  continues  to  change 
appreciably.  Oust  downstream  of  the  pocket 
pattern,  it  has  become  significantly 
positive.  At  the  downstream  pocket 
boundary,  du/dy  nas  become  significantly 
lower  than  the  mean  shear  Upstream ,  wltnin 
the  ooundary  of  tne  pocket  pattern  It 
remains  positive,  but  Is  reduced  in 
magnitude  tr om  tne  values  It  had  in  stage 
two.  We  have  also  inspected  dv/dx  at  this 
stage.  It  is  in  general  much  smaller  than 
du/oy,  and  only  oc c a s s 1  on  a  1 1 y  becomes 
significant.  During  stage  three,  however, 
dv/dx  shows  a  significant  positive  value 
during  the  time  du/oy  is  negative  (  lower 
than  tne  mean  shear  ).  Tnls  suggests  the 
presence  of  vortlclty  of  sign  opposite  to 
the  mean  vortlclty  of  tne  layer  Is  present 
at  the  downstream  ooundary  of  tne  pocket  at 
this  stage 


Stage  four  occurs  when  the  pocket  is 
Detween  W  end  t#  old.  lhe  visual 
impression  indicates  a  steepening  upstrtu 
portion  and  apparent  rapid  movements  toward 
the  downstreaa  end,  which  are  soaetlaei 
accompanied  by  vortices,  and  soaetlaes  by  a 
Dulldup  of  saoke  near  the  front  of  the 
oocket  pattern.  Indicating  a  more  intense 
and  concentrated  lifting  of  sublayer  fluid 
than  previously  ooserved  at  the  upstreaa 
end  or  along  the  sides.  Visual  results 
using  two  autually  orthogonal  sheets  of 
laser  light,  one  in  the  buffer  layer,  and 
one  perpendicular  to  the  flow,  have  shown 
that  a  discrete  vortex  is  rapidly  lifted  up 
from  the  wall  region.  Pig.  b  shows  this 
event  occurring.  The  top  half  of  tnt  photo 
snows  the  wall  region  structure.  One  of  the 
pockets  is  roughly  centered  over  the 
vertical  light  sheet  which  produces  the 
lower  half  of  the  picture,  in  the  side  view 
l  lower  half  )  at  the  downstreaa  end  of  the 
pocket  pattern,  we  see  a  vortex  which  is 
moving  away  from  the  wall.  An  indication  of 
fluid  rotating  in  the  opposite  direction 
laaediately  behind  this  vortex  is  also 
apparent.  The  streamwtse  velocity 
perturbation  shows  that  the  region  of 
velocity  defect  which  foraed  in  stage  three 
nas  increased  In  intensity,  wnile  the 
region  of  velocity  excess,  still  contained 
witnin  the  pocket  boundary,  has  only 
sligntly  diminished,  lhe  uv  signature,  on 
tne  other  hand,  indicates  that  the  region 
cf  defect  1s  associated  with  a 
significantly  strengthened  ejection.  At  the 
downstreaa  boundary  of  the  pocket,  uv  is 
positive;  the  outward  interaction  continues 
at  about  tne  same  strength  as  it  had  during 
stage  three  .  kithin  the  boundary  of  the 
pocket  outline,  the  sweep  also  continues, 
but  at  a  significantly  reduced  intensity, 
wnich  considering  the  fact  tnat  the 
velocity  excess  is  still  relatively  large, 
suggests  that  the  high  speed  fluid  has 
oegun  to  move  more  parallel  to  the  wall  ( 
this  may  be  the  cleansing  sweep  noted  by 
Torino  and  brodkey  ).  lhe  velocity  gradient 
du/dy  continues  to  undergo  significant 
cnanges  Just  downstream  of  the  boundary  of 
tne  poexet  pattern,  the  gradient  increases 
oy  a  factor  of  tnree.  Tne  width  of  this 
peak,  tne  largest  du/dy  magnitude  found  in 
tne  boundary  layer  at  this  level,  is  the 
order  of  t*  =  3-  The  du/dy  peak  which 
formerly  existed  within  the  pocket  pattern 
during  stage  three  and  earlier,  has 
disappeared  examination  of  tne  gradient 
du/Jx,  snows  that  it  also  attains  Its 
maximum  values  during  this  stage  of  the 
pocket's  evolution,  which  also  Is  the 
maximum  au/dx  found  In  the  boundary  layer 
at  y*  s  16.  lne  average  duration  of  this 
peak  about  its  zero  value  is  t*  s  67. 
examination  of  dv/dx  Indicates  that  it  is, 
on  average,  close  to  zero  at  the  downstream 
boundary  of  the  pocket  pattern,  unlike  the 
significant  positive  value  which  existed 
during  stage  three.  The  overall  impression 
is  tnat,  at  stage  four  a  strong  shear  layer 
develops  at  the  downstream  end  of  tne 
pocket  impression,  and  that  strong  ejection 
of  sublayer  fluid  is  occurring  immediately 


downstreaa  of  this  shear  layer  this 
picture  nas  been  previously  arrived  at  by 
text  1 men n  at  al  1 *  and  by  blackmailer1* 
am  now  sea  where  it  fits  in  the  overall 
production  process  {  we  will  return  to 
these  comparisons  later  ). 

itage  five  occurs  between  t*  *  g 0  and 
t*  s  jO,  approximately  by  this  t i ae  the 
visual  impression  of  the  pocket  pattern  has 
become  distorted,  but  some  evidence  of  its 
presence  is  usually  detectable  The 
impression  of  intensive  mixing  at  the 
downstream  end  is  sometimes  apparent  in 
eiperjaents  whicn  visualized  only  the 
sublayer  or  buffer  layer  in  the 
experiments  with  simultaneous  plan  and  aide 
views,  we  can  see  an  orderly  exertion, 
described  during  stage  four,  suddenly 
Decome  chaotic,  with  all  indications  of 
vortices  and/or  any  other  sense  of 
coherence  d»ssappearing  This  doesn't 
always  happen  during  the  ejection 
sometimes  tne  vortices  can  oe  seen  to 
continue  lurtner  out,  and  evolve 
substantially  but  these  occurrences  were 
rarely  observed  compared  to  those  whin 
involved  breakup  between  y *  z 
Looking  at  tne  signals, we  see  that  tne 
atreamwise  velocity  reaches  its  minimum 
value,  and  is  negative  betn  downstream  a  i.d 
witnin  the  pocket  pattern  lne  nigh  speed 
region  witnin  the  boundary  w f  tne  p,  wets 
has  dissapeared  lhe  uv  signature  shows  ar, 
intense  ejection,  l  e  ,  tne  order  of  f  •  v  * 

(  note  tnat  tne  intensity  of  sweeps  i  n 
stages  one  through  tnree  is  a  little 
nigner,  the  order  of  o  -  1  0  <,  u  v  >  i  Tnese 
ejections  are  me  most  intense  coserved  in 
the  entire  record  In  bb  per  cent  of  tne 
sample,  a  seall  positive  uv  contribution 
was  noted  at  tne  end  of  tne  eject  lor 
interval,  wnicn  was  due  to  inward  moving 
fluid  of  low  speed  lne  velocity  gradient 
du/dy  is  s  t  x  n  1  (  i  ■.  a  n  t  i  y  n  e  1  w  r  r.  e  mean  shear 
of  tne  layer  suggesting  that  either  tne 
ejecting  fluid  nas  fluctuating  v-.t!  inly  i 
opposite  sign  !ro«  tne  x  a  r.  vort  Icily  of 
tne  layer  during  Its  breakup,  cr  tnat  tne 
breakup  results  in  a  well  mixed  region  _  f 
low  and  nign  speed  fluid  further 
inspection  Indicated  tnat  near  the  upstream 
end  of  many  of  tne  ejection  intervals, 
du/dy  became  slightly  positive  Tne 
gradient  du/Jx  consistently  snowed  t-a’  *  r,  e 
fluid  first  accelerated  and  t  r.  en 
decelerated  as  tr.  e  e  j  e  _•  t  i  n  i  a  s  s  e  i  v  e  r  t  r  e 

probe  lne  gradient  lv  :  *  .,n  *■  x  e  ?  :  a  .  *  y 

zero  tnrcugr,  out  stage  five  i  r .  e  v  e  r  a  .  . 

impression  g  a  1  r.  e  d  from  this  stage  is  tat  a 

large  scale,  well  mixed  region  of  fluid  is 
ejecting  away  from  tne  wail  r.ear  tne 
Jownstream  end  of  tne  p cruel  pattern  lne 
absence  of  significant  values  of  a  u  1 i  or 
dvdx  suggests  tne  ‘well  mixed” 
description,  as  does  the  negative  lu  Jy 
found  during  tne  breakup  Tne  negative 
fluctuating  <1  u  /  J  y  may  also  suggest  that  the 
overall  breakup  motion  has  fluctuating 
vurtxcily  of  ■ ip c site  sign  from  tnat  of  tne 
mean  f  *  r.  w 

IV  lv  l  jf  tr,*.,, 
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1  he  ttqupnct  of  «vmii  dticr  l  Dad  above 
involved  all  of  tne  four  eeynolda  ilran 
producing  event*,  sweeps,  ejections, 
outward  interactions  and  Inward 
interactions  It  Define  with  high  speed 
fluid  aoving  towards  the  wall  As  noted  py 
1 1 gnt hi  1 1  whether  this  fluid  la 

irrotatlonal  or  rotational  It  will  result 
in  the  production  of  vortiolty  on  the  well 
around  the  stagnetlon  point  it  creetee  On 
me  downstreae  aide  of  the  sweep,  thie 
vortiolty  will  nave  tne  aaee  algo  ee  the 
eean  vorticity  of  tne  boundary  layer,  hut 
on  tne  ups^rese  side  it  will  be  of  opposite 
sign  As  this  newly  created  vorticity 
peases  tne  probe  during  stage  one,  we 
snould  see  an  increase  In  du/dy  due  to  it. 
Out  we  don't  Instead,  we  nave  a  decrease 
lr.  du/dy  tnia  can  nly  he  eapleined  if  tne 
sweep  nes  vorttclt>  '  f  jpp>.me  sign  froe 
tr>e  seen  vorticity  '  tnt  layer,  at  ite 
down street  end  if  tnie  vorticity  wee 
strong  enough  tne  net  effect  could  be  a 
decrease  in  du/dy  Inis  possibility  la 
exported  by  tne  ftet  that  du  d>  la  not 
significant  because,  t  a  *  e  n  together,  the 
facts  indicate  that  the  sweep  does  not 
appear  to  create  a  sneer  layer  at  lta 
downslraaa  boundary 

If  vorticity  of  opposite  sign  ail ata 
at  tne  front  of  tne  sweep,  which  creates 
tne  tnree-dlaenelonei  po'aet  pattern.  It  is 
' f iicri&i#  to  aspect  t  net  these  v  o  r  t  e  s 
unti  -  1  /  s  e  upon  tneaselvea  at  the  upatreae 
end  of  the  three -d  tier,  elon  el  sweep  Tne 
events  of  stage  two  support  tnia 
suggestion  when  tne  pocaet  flow  eodule 
passes  during  stage  two,  we  find  e  sharp 
increase  In  du/dy  near  the  up  stress  end  of 
tne  pocaet  pattern,  and  visual  .tsar*at  Inns 
snow  that  sublayer  fluid  Is  lifted -up  froe 
tne  wall,  rotates  *  o  u  n  d  e  vorlei  core 

which  nes  tne  see*  sign  as  tne  aeen 
vorticity  of  tne  layer,  anl  returnt  to  tne 
well  Inis  Is  the  lot  l  jr  we  would  wiped  If 
tne  sweep  were  e  vortei  ring  it  is  tne 
opposite  of  wnat  we  would  wiped  fro*  tr.  e 
vorticity  generated  by  weliward  aoving 
irrotatlonal  fluid  whin  rested  a 
stagnation  point  flow 

h  »t  i  e r  ,  even  a  v  rte*  r  l  §  x  .  v  i  n  g 
wards  tne  wai .  creates  a  v  ion 

p  v  *  n  t  .  and  generates  v  r  t  l  \  t  y  as  r,  d  i  c  a  t  e  d 
i  r.  Her  '  -  s  at  tne  . ;  s  t  •  e  a  e  end  of  tne 

p  a  e  t  f  i  w  a  o  d  ,  i  t  .  v  r  t  l  r  i  t  y  of  .polite 

sign  fr>a  that  of  tne  imt.  •  r  t  l  c  1  t  y  of  tne 
.  »  /  e  r  i  s  -  e  i  r  g  ■  r  e  a  t  e  o  Ite  fad  that  tne 

r.et  v^rtl  My  sr  ws  a  %  i  r  r.  g  1  r.  *  r  e  a  se  above 

tne  eean  value  IM  tales  t  r  at  tha  wa  1  1  war  d 
saving  v  .)  r  t  1  1 1  y  lr  tha  Sweep  is  being 

siror.  g*y  aepllfled  This  as  p  i  If  1  'll  loll 
wou.d  ne  eiperted  If  a  n  rl*i  ring 
*  p  p  r  a  n  e  d  tne  wall  n  a  *  1  r.  g  v.rtl  liy  of  the 
sign  we  nave  Just  l  r,  d  i  a *  e  d  to  be 
,n  si  stent  with  tne  sweep,  ne  a<se  the 
effect  of  tne  well,  n  *  deled  by  invlseld 
tneory,  wu 1 d  be  tr  stretch  tre  ring,  thus 
aspllfylng  its  vorti  Ity  This 
eepll  fleet  ion  of  *  »  r  t  l  ~  1  t  y  In  tre  sweep 
also  helps  us  ,nders*and  why,  luring  stage 
u  n  e  ,  tne  v  o  r  t  1  ■-  l  t  y  in  ire  ^  w  e  p  .  w  h  l  ~  h  was 


of  opposite  sign  froa  tne  aeen  vorticity  of 
tne  layer,  doainaied  over  both  that 
produced  by  the  stagnation  point  flow  end 
tne  aeen  flow  vorticity 


uuring  both  stages  one  end  two.  it  was 
noted  that  dy/ds  reaained  insignificant, 
suggesting  that  an  inclined  eneer  layer  was 
not  present  during  tnese  tlaee  however, 
during  alegee  three  end  four  we  noted  that 
du/ds  increased  significantly  Luring  stage 


four,  the  average  of  tne  aasisue  values  of 
du'ds  is  )0  per  cent  of  tne  average  of  tne 


aaniua  values  of  du-dy  both  eeiiiuis 
occur  c*oae  t  -  e «  r .  t  r.  *  r  *  Luring  stage 
three,  there  is  e  tear  indication  of  a  r. 
increase  of  vorti  ity  wf  tne  »iae  sign  as 


the  eean  vorticity  of  in*  ,ayar.  >  *rring 

at  tne  down  it  '  eai  end  t  the  pocaet  f.ow 
Si.Jt.ie  Tnia  vurti>  ity  is  pres*aab.y  a 
remtriut  1-r  ^f  tr.  e  •  . .  r  !  i  ity  ■  i  e  «  t  e  j  t.  y 
tne  Blag  nail  j  n  p  .  r,  t  !*.w  *  u  e  to  tr,  e  ^wee( 

1  n  t  e  con  e  n  t  r  a  t  i  r.  that  Is  s  l  g  n  i  f  i  a  r  t  .  y 

abova  the  eean.  n.  j  »  .  s  a  .  »  y  appears  as  a 
vorlei  In  a  1  4 e  view  ,nrr  vIhi.  i  rat  ;  r  s 
Luring  the  t  ;ir  M  i  uti  the  i  ..  set  p  a  t  t  e  i 

tc  evolve  !r  a  stage  tr.  rea  t  s'age  f  .  w  f  . 

tne  !  ,  ■  at  y  *  r  *  •  g e :  •  ,  ;  r  a  r  s  t 

be  Jut  t  j  e  t  r  .  i  ■  *s  ear  ire  '  r 

of  Mie  t  *  *  t  t  -  t  1  ;  •  !»  t  e  a  3  appears  t  e 


represen  tad  by  a  jiari  •<  '  v  a  r  .at 

tfiSullliatl  S  »  w  t  '■  a  '  Me  *  r 

ealst,  ge  rra.tr  m  t  ;  i  s  ?  a  g  e  t  .  ■ 

Soved  at  »  e  ?r.  e  ,  •  re  '  •  :  s  a 

I  tg  k  r  r  e  s  .  *  a  t  .  »  Me 

d  •  w  s  t  ••  e  a  a  ,  r  ?  ;  f  t  '  e  s  w  e  e  , 

v  •. .  i  t  ,  My  *a’e‘  y  ’  •  e  •  •  w  e  i  1 

»  r.  ’  e  f  a  11  i  •  l  t  r  ■  *  •  a  .  .  'a.e 

ea  r  A  r  «i  a  -  •  »  .  *  *  a  •  J  '  e 

Jolt  a  p  •  M  .  »  f  e  .  ’  e  i 

w  r.  ;  n  •  s  .  s  »  4  %  ,  «■  e  :  * 

»  o  r  '  e  •  •  e  a  e  ;  «  #■  «  .  •  ' 

r  r  1  .  s  ‘  r  m  .  .  .  .  , 

wa..  :>  ‘  r  *  '  '  •  e  >  w  ,  a 

.  •’ .  s  .  S  t  *  *  »  ,  •  e  •  r 

1>.«r  1  '  ’  r  a  «.*•  *  •  .  •  g 

tr  ee  '  i<r  «  •>«,*• 

1  r.  a  i  *  -  e  i  .  . 

Stress  4  *es  x  ,  '»eei 

er','  •  '  4  •«'e‘» 

.  ♦  f  ’  »  '  ■  g  •  '  ‘  '  '  «  lr.  . 

ar  »»>  .  «  ;  ■  *■  s  *  ■  f 

S  *.  eSS  t’,*eS 

f  o  -  r  j  ,e  •  •  4  :  4 

M.rse  ,er-  M  J..  g  »  >  4  ' 

19  a..  «.  g  %  •  s  y  t  e  .4  4  • 

U  *  .  .  •  W  M  '  .  *  *  *  -  •  4  t 


Mis  t  f  e  (  ,  e  a  ”  f.  w  -«’»  e 

i  ;  f  '  r  J  f  i  ..  .  s  e  s  i,  ;  i  .  i  '  *  ■  *  '  ■  ’  vs 

.  i .  a  1  e  J  •  ■  e  ;  »  4  r  .  ,  '  i  ■  <  *  4  1  4  4  e  .  *  • 

,r>e  s  .  gi a  .  s  -  *  at  a  M  .  a  r  ‘  »  e  '-a 

I  I  >  r  1  '14  *  ,  *  1  f  1  Me  e  .  •  ( 

.  .-ntM.es  1  r  *  *  e  4  ,  1  4 

f  ui  i  v  '  1  e  m  4  »4'  r 

s  t  f  e  ’  '  .  g  !  1  r  .....  ’  .  M  ?  :1  e  4 

i  t  i  •  •  *  f  y  It  .  »  *  .»  «re.s  e 

v  v  1  •  t  l  t  y  4 »  .  4  ■  »  •  .  4  1  •  i  *  f  ■  '  e 

s  1  « g  •  a  ’  :  r.  t  •  ,  ,*e.e.'  r  •  e 

f  ire  M  .  .  e  ■  *  .  ,  1  »  4  .49 

’  e  I  •  *•  1  *’  •  t-  .  m  4  •  ♦  .  ♦  •  :  *  *  f  ,  *  r  * 


putl.ri,  tries*  questions  require  further 
re  seeren 

In*  spetlal  scale  over  anten  toe 
evolution  of  tne  pocket  floe  aodule  takas 
place  can  he  aillaaled  by  aultiplylnf  tne 
aaerage  convection  velocity  of  the  pocket 
patterns.  b  uv  ,  by  tne  average  duration 
of  tne  pocael  evolution,  t*  •  JO  This 
results  In  1*  on  tns  order  of  noo 

*  ulscusalon  and  Coaparlson 

a  revlee  of  tne  literature  Indicates 
mat  asny  of  tne  inves  gallons  into  tne 
■all  region  structure  of  turbulence  nave 
focused  on  events  tnat  appear  to  occur  as 
part  of  tne  evolution  of  tne  pocket  Moa 
audule  ee  ulll  briefly  point  tu  tne  aajor 
Lurrespondences ,  • 1 1  nuu  **  u  our  incH  ledg  • 
c  •  tn  unor  details  of  sott  of  im 
mvtal  i|«t  Unt  show  close  correspondence 

nix  of  tne  tost  used  hoi -sirs 
t  qrDui*'u»  Ion  i rchn  1  j la  lh«  one 

developed  by  uupti  ,  Kaplan  and  Laufar,^0 
and  js«4  d y  blacswelder  and  Kaplan,^  and 
ela  ^  til«  kn«i  l«r  and 

teat  la^nn  ,  *  and  away  ot  ritrs  tu  Jtl  tralna 
*•11  i  •  y • r  struct  u  r  e  T  n a  t  achn l 
Ir- *o**  as  ai'u.ating  a  sh^rt  live  variance 
~  f  i  r.  *  iir(<a«:ie  velocity  f  idcuaiiona, 
enraged  -»*er  an  interval  varying  fro*  t* 
t  i  5  "  e  f  a  y  t  u  t ♦  ■  *  o  .  *  a  f  l  t  )  for 

t*  interva.s  lnr»a  igrit  ivfli,  lh«  Short 

i  i  aa  a  «  a  r  4  gt  J  varlan#  i*  r.-ng|  j,  rr  itab  111 
ih«  du  4?  tig  fie.  a  a  r.  eve  f  -and  mat  do/ 0s 
obtained  f  r  •/  a  1  u  Jt  -sing  a  local  laylor 
yputr.esis  lai-.f  1  its  largest  values  In 

mi  <0'  ..c  uMir>  *  a  y  a  r  t  hi  a  nesses 

i  n  v  a  s  t  ;  g  a i a  d ,  1  w  r  : ; .  g  stage  f jut  of  tne 

*ivcaat  avv.uti^n  .  r>e  jnly  other  stage 

•  hare  ii|r>;f  l  ant  1  w  is  was  found,  was 

s  ’  a  g  •  three,  where  the  peeks  ware  about  00 
per  eni  as  *ar ge  The  average  width  of  tn* 
»  a  a  a  s  .  measured  at  *ne  signal  alls,  during 
s’aga  -if  ,  vis  t •  b  i  This  suggests 

’  *  a  t  '  -■  *  Itlacl  l  ih  if  n  r.  i  j  u  e  is  keying  on 

if,  e  sharp  shear  *  a  y  a  r  ]  e  v  e  •  ■  p  a  d  during 

•  'age  f  ur  If  a  war  v  #  *  it  of  tne 

:  e  t  e  \  t  !  .  r.  •  .  r  *  r ;  a  *  a  rHer  li  IS 

'he  s  I  A  »■ «  i  1  *  r  .  ■  g  *  aye  *  ri  r  e  e  would 
:  *  *  r.  .  ■  1  a  1  i  •  ■  ’•  h  a  a  4  mple  T  n  a 

.  f  t  e  r  p relation  giver  .  H«(  *  ,  and  U  also 

v  .  g  g  a  s  t  s  this  /•  •  «*  a  e  e  r  ,  tne  s  a  .  a  of  in# 

,  -  a  e  t  .  a  t  '  *  r  r »  .  ant  ’an  a  f  ire  j  net 

f  ,  w  »  lu  .  a  is  ?  r.  a  '  Iff  ,,  f  1  v  -  w  a  4  1 

,  i/vr  .'  it  »  r  a  i  4  !  «  .  »  i  ■  s  .  *  *  end 

!  *•  i  a  n  :  s  n  n  e  y  r.  .  1  ■»  .  x  t  *  r  h  a 

-  g  K  *  *  *  l  * »  .  r.  c«l  >  .  r  a  •  f-  a  s  .  e  a  p  is  uf 

.  a  r  g  a  s  a.e.  has  s  a  *  r  . *  4  r i  l y  lfu|  rail! 

f  r.  1  »  -  wires  »m  i  *■  1  *  •  r.  j  1  Hirm  mats  If 

y  •  'ui  i  n  1  s  l<!  a  v  ■  «•  t  rat  sharp 

n*.  ear  .*  y  e  f  S  nt  ffij  t,  y  •  0  I  J  0  -  0  ) 

A  .  i  r,  .  <n  weu»er  Naur  .  s  e  aettses  apparent 

t  -  tne  *  p  f  tr»e  r  4  •  a  u  r  visual 

titr  *«!  1  '  ■  a  f  tne  .  ;  f  t  1  •  g  v  > ,  r  t  l  1  t  y 

generated  t-y  tr.e  s’  egret  1  r,  p  •  l  n  t  f  tov. 
snow  •  hit  ,  in  g  e  e  r  e  »  ,  it  f  r  a  4  1  n  a  •uharent 

>ut  to  y  *  i  ir  f  u  r  e  e» '  a  a  k  1  n  g  up  l 

fig  ‘  s  4  w  9  in  a*e«p.a  ir.  which  the  varies 
es  'ta  *  a  <4  y*  a  v  *  *  m.  e  the  snear 

iyar  f  res  tetvim  t  r  1  s  v » r  t  a  1  end  the  one 


in  tne  sweep,  it  Is  clear  that  phenomena  of 
tne  scale  of  delta  are  not  directly 
involved  however,  inert  is  substantial 
evidence,  brown  and  Tnovas.30  talco,^ 
and  Cnan  and  b 1 ick we  1 aer , that  the  large 
scale  inflows  sre  phased  wltn  tne  phenomena 
be ing  d 1 scusseo 

oiacHweider  and  saplan11  show  tne 
co r j  1 1 1  one  1 1 y  saapled  Reynolds  stress 
pattern  tnat  results  froa  their  detection 
technique  Inelr  results  are  shown  In  rig 
t  we  have  inverted  inelr  signatures  to 
enable  sore  laaediate  comparison  with 
figures  t  and  b  ee  see  that  thair  signal 
appears  to  be  a  composite  of  stages  three 
and  four  ll  eitends  over  roughly  l+  s  , 
nas  a  sweep  followed  by  an  ejection,  with  a 
region  of  very  low  or  negative  Heynolds 
stress  separating  thee  The  peak  averages 
of  the  sweeps  in  three  arid  tne  ejections  in 
stage  four  are  M*nir  to  their  values 
bia  R«el  ler  and  1  a  p  1  a  r>  «  1  a  <  aea  sored  the 
signature  ■  /  k  della  dewr.  stress  . .  f  the 
position  at  whi  n  their  detector  in  die  sled 
hign  du  '  dt  1 n e  y  found,  after  correcting 
for  the  different  convection  velocities  cj( 
individual  events,  the  picture  ir.  rig  to 
Inis  spatial  upir.t  iur.  corresponds  U  a 
t  e ■ p  1  -  r  a i  interval  of  t*  ;  0  /  ,  *r  ,  n  is 

consistent  with  tr.e  1  in  idrri*.  t  ♦*  r  w  e  e  1. 
stages  three  and  four  ir,  is  signature  a  .  1  m  s 
ll»e  that  of  stage  four,  tf-js  .  r  d  .  •  a  1  1  n  g 

ine  save  oe  v  ♦*  .  p  ae  nl  as  we  rave  Ju  u  s  s  e  a 

for  tne  p.  arts 

»r.  e  ,  t  .  w  t  iu.r  .  *  ,•  4 

s  *  s ;  «  e  ei  ;  ,  4<  at  I  ,/fi  A  tne  faN..'*  f 

r,4  awe.j*r  if.  :  c.  %  e  .  a  a  1  f.  *•  *r  ,  r,  -  !  .  ate 
that  there  .s  a  r.a».ge  in  s  *  gr  .1  >  infl 

IV  J»  I  w  as  the  sharp  snear  .ayar  gve-*  ty 
r  r  m  rig  *•  we  M|fst  I  mil  U  me  l  . » w  *  r  J  s 
tr.  a  e  r.ter  *ine  ..f  tr.a  p.,  »at  ver  tne 

p  .  f  t  i  o  r,  w  r.  ;  n  e  a  t  »  • ,  g  ,  w  t  .  .  e  w  a  e  ■  p  e  :  t 

a  v  a  a  e  r.  ?  away  !  r  a  tne  after  .  1  n  e  .  1  t  h  1  r, 

tne  p  «■  »  a  ■  ,  4  1  '  »•  *  •  a  .4  .„ «.  a  t  r  a  •.weep  :  s 

observe]  *  *  .  *  a  ,1  W  .  r  g  r  t  r.  a 

patter  1.  .  n  a  '  1  '  '  »  w  .  .  f  t'i  v.Mf 

.ayrr  «r.  .  r  *  ♦  y  1  »'»•*•  e  1  ,  v.ir  1  *  t  a  *  e  1  y  I 

i  •  1  »  ■  ^  1  •  •  •  r  •  •  e  •  ,  .  ‘  .lit  ri  of 

i  if.'  .•-r,  .  t  ,-  ♦••4  saewaf 

«  v  <  r  „  r  •  '  .  r  •  ■  a  •  «  •  ■  » ■  »  ;  ;  g  c  t  r*  * 

n  w  »  •  ^  4  •  i  •  »■  t  •  ♦  #•  •  f  j  .  *  .  4  ?  »  g  r  a  -1  1  e  n  t 

3  .  3  y  ’..*•»  .<»'arr  '  t  r.  t  a.  e  saan 

*  4  .  j  a  ,  .  ?  *  .  '  t  -  .  1  •  f  r.  a  ,  .  f  .  r  a 

l  .  f  .  g  ‘  -*  d  •  ■  *  *  •  ■>  »  :  r  ,  .  u  t  i  v.  r.  . 

w  r  .  :  »  1  »  a  1  •  a  t  a  1  •  „  .  J  1  a  1 »  r  '  t  M 

o  y  ‘  '  a  .  '  .  *  • 

,  *  *  •  .  4  a  .  •  •  »  ■  •  4  *  .  ■*  f  *  n  a 

w  a  4  i  fag.  ’4la  ^y  u  r  4  r>  <  41J  if.  1  »c  f  ^ 

ara  «.i>  ijtrd  ir,  tn*  t  «  e  t  f  *  v  •  w 

3t-  liit  a  v  '  .  .  ’  l  r.  h  y  •■■serving  »  » r  r, !  a  in 
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large  as  tnelr  data  window.  Thia  high  apaad 
raglon  lntaractad  with  tha  dacalaratad 
raglon  and  resulted  In  an  ajaetlon  of 
fluid.  Soaatlaaa  tha  ajaetlon  would  occur 
Juat  aa  tha  accalaratlng  fluid  antarad  tha 
flald  of  *law,  whila  at  othar  tlaaa,  It 
occurrad  aftar  tha  accalaratlon  procaaa  had 
oagun.  Tha  ajaetlon  alwaya  occurrad  bafora 
tha  antlra  raglon  waa  completely 
accalaratad. 

Fig.  *  give*,  of  couraa,  tha  eequence 
of  avanta  an  observer  would  aaa  aa  ha 
followed  tha  flow  when  a  pocket  flow  aodule 
waa  evolving.  Fluid  downstream  of  the 
pocket  pattern  la  aovlng  at  tha  local  aaan 
velocity  during  atagaa  1  and  2,  and  la 
dacalaratad  aa  tha  evolution  procaeda  froa 
ataga  2  to  ataga  3  During  ataga  3,  tha 
awaap  aovaa  to  tha  downatraaa  and  of  the 
pocket  pattern,  and  tnua  It  would  aova  Into 
tha  flald  of  view  of  a  data  window  located 
near  the  downatraaa  and  of  the  pockat 
pattern.  It  la  alao  during  ataga  three  that 
wa  aaa  tha  ejection  of  fluid  near  tha 
downatraaa  end  of  the  pockat  It  la 
laportant  to  note  that  the  length  acala  of 
me  pockat  flta  the  Corino  and  Brodkay 
oosarvat Iona .  Thua  wa  aaa  that  they  have 
alao  keyed  upon  tha  downatraaa  and  of  the 
pocket  flow  aodula  for  a  significant  nuaber 
of  tnalr  obaarvat lona .  a  dlacusalon  of  what 
may  would  aaa  If  the  aide  of  a  pockat 
entered  their  data  window  la  glvan  In  Ref. 
o 

Tne  turbulence  structure  in  the  wall 
region  nas  alao  been  studied  by  tckelaann, 
hyenas,  brodkay  and  Wallace .'3  Tnay 
studied  tna  atreaawise  velocity 
fluctuations  to  find  a  pattern  that 
appeared  to  reoccur,  and  developed  a 
pattern  recognition  prograa  which  detected 
tna  pattern  In  tne  slreamwlse  velocity 
fluctuations  and  proceeded  to  store  all  of 
me  other  quantities  they  aeasured  Tne 
pattern  consisted  of  a  gradual  deceleration 
froa  a  local  aaalaua  followed  oy  a  strong 
accalarat Ion .  blnce  this  description  flta 
tha  pocaat  evolution  during  stages  three 
and  four,  wa  should  aaa  soaa 
correspondence,  especially  In  tha  region  of 
tna  strong  accalaratlon.  Ickalaann  at  al 
aeasured  du/dy,  uv,  u  and  v,  at  y*  »  13, 

so  coaparlsona  can  Da  aada  Coaparlng  their 
uv  and  du/dy  patterns  In  tha  region  of 
strong  acce lerat Ion ,  with  tha  pocket 
pattern  during  stage  four,  wa  find  that 
ootn  signatures  are  In  agreeaent,  even  with 
respect  to  tna  phasing  of  du/dy  and  uv  and 
u  furthermore,  tne  wldtn  of  tna  du/dy  peak 
la  tna  saaa  order  as  found  In  tna  pocket. 
Inua,  It  also  appears  tnat  Ref.  13  nas 
Keyed  upon  the  downstreaa  end  of  tne  pocket 
during  stages  three  and  four  Their  results 
wnten  show  a  significant  broad rnlng  and 
reduction  In  aagnltuda  of  tne  peak  at  y*  > 
80,  reinforces  this  conclusion. 

Ine  pockat  flow  aodula  la  a  flow 
aodula  tnat  Integrates  the  sweep  and 
ejection  events,  as  well  ss  the  other  two 
uv  producing  events  We  have  shown  that  It 


la  consistent  with  the  findings  of  Ref.  9, 
and  we  will  now  show  mat  It  is  consistent 
with  tha  work  of  uffan  and  Kline,#  who 
studied  the  relationship  between  aotions  In 
tha  outer  flow  and  tha  bursting  procaaa 
near  tha  wall.  They  found  that  thera  was  a 
cloaa  connactlon  between  sweeps  found  in 
the  logarltnaic  region,  and  the  bursting 
process  Indicated  by  wall  dye.  In 
particular,  a  weil-werd  aovlng  perturbation 
waa  obsarved  In  nearly  every  ceae  Juat 
prior  to  the  appearance  of  oscillatory 
aotlons  in  tna  wall  dye .  Furtheraore,  tha 
oscillations  at  the  wall  are  first  seen 
downatraaa  of  the  outer  disturbance.  This 
description  corresponds  to  stage  one  of  tne 
pocket  flow  aodule  evolution,  abstracting 
thair  results,  tney  continue...  "The 
wall-dye  disturbances  grow  slowly  and 
eventually  lirt  up.  At  the  saaa  tlae  the 
hydrogen  bubbles  (  their  wire  was  noraal  to 
the  wall)  show  that  the  velocity  field 
becoaea  perturbed  In  the  region  directly 
above  the  oscillating  wall  dye.  Tne 
disturbances  in  the  zone  generally  look 
like  patterns  one  would  aspect  In  the 
presence  of  vortices,  and  these  doalnate 
tne  logarlthalc  region.  Focusing  attention 
closer  to  the  wall,  simultaneously  with,  or 
shortly  after,  the  appearance  of  the  wall 
dya  perturbations,  a  long,  narrow, 
hlgh-shear  zona  foras  Just  above  tne  region 
of  wall-dye  movement  Vortices  fora  along 
tna  apparently  unstable  shear  line’  Stage 
two  of  the  pockat  flow  aodule  evolution 
fits  this  description  closely.  Tha  Incoming 
sweep  has  moved  wall  dye  to  create  the 
pocset  pattern,  and  In  stage  two,  we  see 
that  a  high  shear  zone  has  formed  l  note 
du/dy  1  over  the  pocket  at  y»  z  16  In  an 
earlier  work,  Felco'S  eaphasied  tne 
presence  of  transverse  vortlclty  of  the 
same  sign  as  the  aean  vortlclty  of  the 
layer  was  present  along  the  upstreaa 
boundary  of  tne  pocket,  i  e  ,  at  the  end  or 
tne  nigh  snear  zone  noted  by  Often  and 
aline  It  Is  necessary  to  point  out  that 
tne  nlgn  shear  zone  tr, ey  are  referring  to 
occurs  prior  to  llft-up,  and  is  different 
Irom  the  one  associated  with  stages  three 
and  four  of  'tie  pocket  evolution  described 
above.  Continuing  our  abstraction  of  tna 
results  of  Ref.  o  "most  or  tne  llft-ups 
of  wall  dye  were  seen  soaa  tlae  after  tha 
foraatlon  of  either  a  streaawlse  or  a 
transverse  vortez,  and  these  began  to  leave 
tha  wall  where  the  vortez  came  closest  to 
tna  wall  Tne  sweep  generally  continued  to 
move  towards  tne  wall  after  tne  low-  speed 
fluid  element  nad  begun  to  lift  away  from 
tha  wall.  Ints  description  corresponds  to 
stage  three  of  tne  pocket  flow  module.  At 
this  point  In  the  evolution,  wall  marker 
nas  lifted  up  at  tne  upstream  end  and  along 
tne  sloes  of  tne  pc'xets  lne  vortez  which 
lies  slong  tne  boundary  of  tne  pocket  Is, 
of  course,  slreamwlse  orientated  slong  the 
sides  Uffen  and  k i 1 ne  had  an  essentially 
t w o - d 1 se n s 1 o na 1  slice,  so  tnat  they  saw 
eliner  a  transverse  vortez  or  a  slreamwlse 
vortez  As  the  wall  layer  fluid  It 
lifted- up,  first  at  tne  back,  and  then 
progressively  around  tne  alles,  the  fluid 
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at  tne  back  will,  aa  It  apirala  along  the 
pocket  vortex,  aove  back  towards  the  wall 
and  tnen  away  f roa  It  again.  This  would 
appear  as  the  oscillation  which  Is  seen  to 
occur  after  llft-up.  Offen  and  Kline 
continue:  "during  the  end  of  the  burst's 
oscillatory  growth  stage,  the  Interaction 
between  the  bursting  fluid  and  the  aotlon 
In  the  logarlthalc  region  oauses  the 
foraatlon  of  another  large  vortex-llka 
structure,  bone  fluid  froa  both  the  burst 
and  Its  associated  sweep,  returns  to  the 
wall,  hhen  this  fluid  arrives  at  the  wall, 
It  spreads  out  sideways  and  Is  quickly 
retarded  by  the  strong  viscous  forces  near 
the  wall.  It  is  believed  that  this  event  Is 
associated  with  another  llft-up  process 
farmer  downstreaa"  .  Ne  believe  that  the 
evolution  they  were  describing  corresponds 
to  the  end  of  stage  three,  and  to  stage 
four  of  tne  pocket  evolution.  During  stage 
three,  transverse  vortlclty  of  the  opposite 
sign  froa  that  of  the  seen  shear  la 
amplified,  and  we  see  the  start  of  llft-up 
of  low  speed  fluid  at  the  downstreaa  end  of 
tne  pocket  pattern.  The  aapl 1 f lea t ion  of 
tne  transverse  vortlclty  appears  to  be  the 
Interaction  Offen  and  Kline  note  is 
occurring  between  the  bursting  fluid  and 
tne  logarltnalc  region,  which  they  suggest 
causes  the  foraatlon  of  a  large  vortex 
structure  furthermore,  a  high  shear  layer 
is  forelng  at  this  end  cf  the  pocket 
pattern  In  stage  four,  a  strong  ejection 
of  sublayer  fluid  occurs,  which  as  we  have 
suggested,  results  froa  the  autual 
interaction  of  two  vortices.  This  Is  the 
•second"  ejection  that  Offen  and  Kline 
suggest  occurs,  and  which  is  the  basis  of 
tnelr  hypotnesls  of  the  cyclic  nature  of 
tne  bursting  process  It  should  be  noted 
tnat  they  conclude  their  description  of  tne 
ouratlng  process  oy  noting  that  breakup  of 
tne  llftea  suDlayer  fluid  appears  to  be  the 
result  of  vortices  interacting,  and  tnat 
flow  patterns  in  tne  region  surrounding 
oreakups  revealed  tnat  00  per  cent  of  tne 
bursts  urexe  up  l tied  lately  after  an 
interaction  with  another  vortical 
structure  uurtng  stage  five  of  tne  pocket 
flow  nodule  evolution,  we  have  observed 
oreakup  as  tne  two  vortices  autually 
interact 

Thus  It  appears  tnat  the  description 
of  tne  turbulence  production  process  given 
oy  Offen  and  Kline  fits  that  found  for  the 
pocket  flow  sodule  evolution  as  t  whole, 
nowever,  tnelr  assumptions  about  the  cyclic 
nature  of  tne  process  now  appear  to  be 
related  to  tne  llft-ups  occurring  first  at 
tne  upstreaa  end  of  tne  pocket  pattern,  and 
later  at  tna  downstreaa  end  Inus,  It  aay 
be  that  the  cycle  tr, ey  suggest  has  only  two 
llft-ups  associated  with  It.  They  show  that 
sweeps  preceed  bursts  which  In  turn,  they 
suggest.  Interact  with  the  log  region  flow 
to  proa  ce  new  sweeps  further  downstreaa, 
Kline13  nas  noted  tnat  this  statement 
appears  to  oe  anomalous,  because  tne  buret 
la,  of  course,  low  speei  fluid  Our 
lnforaatlon  suggests  that  there  la  one 
sweep  associated  with  the  pocket  flow 


module,  lhe  evolution  of  the  probe  signals, 
•s  well  *s  the  visual  data  (  It  ahould  be 
noted  tnat  although  visual  Indications  of 
vortlclty  In  sweeps  nave  been  obtained  in 
the  boundary  layer,  the  clearest  visual 
data  relevant  to  this  question  has  coae 
froa  experiments  with  turbulent  spots  1, 
indicate  tnat  the  sweep  Is  vortical,  aa 
noted  by  Offen  and  aline,  but  that, 
furthermore,  It  has  both  forward  and 
ravaraad  transverse  vortices  In  It,  as  seen 
in  a  streaawlsa  light  plane,  or  a  light 
plane  perpendicular  to  the  flow.  Tnis 
strongly  suggests  that  tne  vortlclty  of  the 
sweep  1s  organized  Into  e  ring.  As  we  have 
noted,  the  evolution  of  our  hot-wire 
vortlclty  date  also  supports  this  picture. 
Aa  the  sweep  approaches  the  wall  at  some 
acute  angle,  one  portion  of  tnls  ring  comes 
In  close  proximity  with  the  wall,  Is 
stretched  invlscldly,  and  causes  the  first 
llft-up.  Then  the  downstream  portion  coaes 
In  close  proximity  to  the  wall  and  causes 
the  second  llft-up,  which  results  In  tne 
strong  sheer  ana  breakup.  Although  the 
pockets  are  found  to  be  Individual, 
Independent  flow  modules,  they  are, 
however,  are  often  found  In  groups  l  see 
fief.  ?j).  evidence  of  tne  time  for 
foraatlon  of  members  of  e  group  of  iwo  or 
three  pockets  suggests  that,  in  general, 
they  form  within  an  Interval  too  snort  for 
one  to  be  considered  the  generator  of  tne 
other,  however,  exceptions  to  this  have 
been  observed 

Another  interesting  fact  about  tne 
pocket  evolution,  which  has  been  previously 
observed  during  tne  bursting  process  by 
Kla,  Kline  and  Keynolds?  and  uffen  and 
Kline,  is  tnat  tne  llft-ups  don’t 
continuously  aove  outward,  but  Instead  tney 
oscillate  Tne  sublayer  fluid  which  lifts 
up  at  tne  upstreaa  end  of  trie  pocket, 
subsequently  moves  .aterally  and  towards 
tne  wall  a  r,  d  tnen  away  again,  as  It  spirals 
around  tne  vortex  tnat  exists  along  the 
boundary  of  tne  pc-aet  pattern  1  nance  tne 
"oscillation"  i  1ms  motion  d„es  not 
produce  e  significant  uv  signal  at  y •  1c 

t  see  stage  two  of  Fig  v  wnlcn  snows  tnat 
the  uv  it  due  to  ine  sweep  f  Inis  is 
consistent  wltn  the  findings  of  offer  and 
Kline  that  tne  breakup  periods,  not  the 
llft-ups,  corresponded  to  the  limes  at 
nad  roost  or  tne  fluctuation  energy  (  also 
see  Kilned!  ) 

the  recent  w  .  r  k  .  f  n  .  <  <•  r.  e  s  a  r.  d 
hanrattyl"  wnl  h  <  ■  Hlned  arrays  of  ■  a .  i 
probes  and  nol-wires  in  tne  wall  r  1  r. 
support!  tne  hypothesis  that  the  diainant 
flow  structure  Is  a  strongly  linked 
combination  of  Inflows  of  h  1  t  h  f r.  .  <r  e  • .  I  ,  * 
fluid  and  outward  fl  wlng  low  t.imi 
fluid,  lney  found  that  the  1  n  f  .  e  c !  .  r.  s  i  r. 
tne  velocity  profile  resulted  from  r  .  t  r. 
inflows  pre feeding  oulfl  ws  and  u  t  f  i  : . « 
pre  reding  Inflows  Ine  first  sequence 
would  occur  at  tne  upstream  end  of  trie 
pocket,  whereas  tne  second  w  . u 1  1  occur  at 
tne  downstream  end 
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In*  results  of  tna  above  coaparlsons 
Indicate  tnat  tne  probe  detection  technique 
of  Ref.  i'i  nas  keyed  upon  tne  stages  three 
and  four  of  tne  pocKet  evolution.  Corlno 
and  Brodaey  nave  also  apparently  atreaaad 
thla  phase  of  the  evolution,  lne  visual 
data  of  Kla  et  al  ?  and  Offen  and  Kline8 
nave  described  the  entire  pocket  evolution, 
as  a  result,  the  conclusion  froa  the  probe 
studies  indicate  that  high  speed  fluid  is 
upstreaa  of  the  ejecting  fluid,  thla  was 
also  true  of  the  studiea  of  Corlno  and 
brodkey  and  Gckalaann  et  al.  On  the  other 
nand,  the  study  of  Offan  and  Klin* 

Indicated  that  sweeps  caae  to  the  wall 
oownstreaa  of  tne  llfted-up  wall  layer  dye, 
out  tnat  because  of  the  cyclic  nature  of 
tne  process  (  as  tnay  saw  It  )  the  sweep 
would  eventually  be  followed  by  a  burst.  It 
is  now  clear  that  the  tera  ’ejection* 
snould  be  used  to  characterize  what  1 ippens 
to  tne  lifted- up  wall  layer  d»*  at  the  end 
ol  tne  oscillatory  growth  s'age,  but 
laaediately  before  oreakup.  The  teres 
"ejection*  and  "llft-up*  n*»e  bean 
lntercnanged  in  the  past . 

finally,  we  want  to  aer  that  the 

aecnanisa  of  the  llft-u'a  sp  x: i • >  to 
closely  raseable  tne  or;  studied  by 
uollgrlskl  and  kalker.?0  Tney  performed 
calculations  of  tne  effect  *f  a 
t wo-d 1  a* ns  Iona  1  vortex  on  *  **  wall  layer 
flow  beneath  It,  when  the  vortex  was 
convectlng  parallel  to  the  wall  In  a 
laainar  boundary  layer.  Uownstreaa  of  the 
vortex,  for  certain  combinations  of  vortax 
strength,  convection  velocity,  and  boundary 
layer  profile  shape,  a  stagnation  type  flow 
pattern  existed  near  tne  wall,  which 
resulted  In  creation  or  vortlclty  (  fief. 
in).  Tne  Influence  of  the  original  vortex 
on  this  newly  created  vortlclty,  which  la 
of  opposite  sign,  Is  to  Induce  It  off  the 
wall,  resulting  In  llft-up  It  appears  to 
be  tne  aecnanisa  operational  around  the 
boundary  of  tne  pocket  However,  It  falls 
to  result  In  the  ejection  of  fluid 
llfted-up  In  the  upstreaa  portion  of  a 
pocaet  because  vortex  stretching  has  aade 
tne  sweep  vortex  auch  stronger,  as  noted 
above.  Of  course,  vortex  stretching  can’t 
occur  In  t wo-d 1 ae ns  1 o na 1  flows.  Tne 
aecnanisa  Is  effective  at  the  downstreae 
end  of  a  pocket,  because  stretching  of  the 
sweep  vortex  has  apparently  ceased,  here, 
tne  vortices  mutually  Induce  theaselvea  to 
me  log  region  before  breakup  occurs 

Suaxary  and  conclusions 

simultaneous  aultl-prob*  hot-wire  data 
and  now  visualisation  experiments  have 
shown  tnat  a  f.ow  aodul*  exists  which  is 
responsible  for  a  large  fraction  of  the 
Reynold*  stress  and  shear  eeaaured  in  the 
wall  region.  Its  scale  la  on  the  order  of 
100  wall  layer  unite,  and  Its  period  of 
occurrence  is  the  saa*  as  that  measured  for 
ejections  of  sublayer  fluid  The  flow 
module  evolves  froa  a  vortical  sweep  Into 
an  ejection  which  breaks  down  into  both 
smaller  and  larger  scales,  in  t*  on  the 


order  of  jO.  The  aechamsns  Involved 
include;  stretching  of  tne  vortlclty  In  tne 
sweep,  tne  generation  of  vortlclty  near  the 
wall  by  the  stagnation  point  flow  that  the 
sweep  creates,  autual  interaction  of  the 
vortices  foraed  as  a  result  of  tnese 
processes  leading  to  aotion  away  froa  the 
wall.  The  distinct  pocket  pattern  results 
because  the  sweep  vortex  Is  aepllfled  to 
the  extent  that  It  induces  the  stagnation 
flow  generated  vortex  around  itself.  This 
llft-up  of  sublayer  fluid  results  In  a  pair 
of  snort  streaks  which  appear  to  oscillate 
as  the  llfted-up  fluid  Is  returned  bsck 
owards  the  wall,  khen  the  front  or  the 
weep  reaches  the  wall,  tne  sweep  vortex 
and  the  stagnation  flow  generated  vortex  jtfl 
induce  each  other  out  to  tne  log  region.  In 
doing  so,  a  sharp  shear  layer  is  created 
between  tne  two  vortices.  By  the  time  they 
get  out  to  y*  t  30-50,  tney  breakup.  It  Is 
not  clear  why  tne  stretching  of  tne  sweep's 
ring  vortex  ceases  before  its  vortlclty  Is 
diffused,  allowing  this  outward  ejection. 

lnus,  the  foraatlon  of  streaawise  and 
transverse  vortlclty  concentrations  of 
snort  duration,  Intermediate  scale  streaky 
structure,  the  sudden  llft-ups,  tne 
oscillations,  and  tne  breakup,  are  seen  to 
be  pnaseo  to  tne  stages  of  evolution  of 
tnls  flow  module. 
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Fjg.  2.  Simultaneous  records  of  uv,  du/dx,  dv/dx,  du/dy,  v,  and  u  at 
y  *  16  in  a  turbulent  boundary  layer.  The  dashed  vertical  lines 
bound  pocket  flow  modules.  The  first  pocket  ptsses  the  probe  during 
stage  four  of  its  evolution,  while  the  one  which  arrives  later  in 
in  stage  three  of  its  evolution.  The  dashed  line  on  the  du/dy  signal 
is  the  mean  shear.  R«  *  1068. 
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Fig.  4.  The  evolution  of  the  pocket  flow  module.  The  plan  view  pocket 
patterns  and  the  ensemble  averaged  signatures  of  u,  uv, 

and  du/dy  for  each  of  five  stages, are  shown.  In  the  visual^patterns, 
shading  Indicates  lifted  fluid.  The  signals,  measured  at  y  ■  16,  indi¬ 
cate  conditions  along  the  centerline  of  the  pocket.  The  visual  and 
hot-wire  data  have  the  same  abscissa,  and  the  placement  of  the  signals 
is  phased  with  the  visual  pattern,  both  within  each  stage  and  between 
stages.  The  ordinates  correspond  to  (<u>-  u  )/u,  (<uv>  -  uv  )/-uv, 
and  (du/dy  -  3u/dy)/(3u/dy) .  The  stages  are  arranged  to  show  the 
development  an  observer  would  see  if  he  moved  with  the  speed  of  the 
upstream  end  of  the  visual  pattern. 
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Fig  5.  Simultaneous  views  of  the  buffer  layer  of  a  smoke  marked 
turbulent  boundary  layer  (  top,  plan  view  ),  and  of  a  slice  of  the 
dyer  nornal  to  the  wall  above  It.  Line  A-A  of  the  accompanying  sketch 
represents  the  edge  of  the  light  plane  which  illuminates  the  side  view. 
Line  B-B  represents  the  edge  of  the  light  plane  which  illuminates  the 
plan  view.  A  pocket  which  is  in  stage  four  of  its  evolution,  can  be 
seen  in  the  plan  view  (  note  shaded  features  in  sketch  )  centered 
over  the  verticil  lignt  sheet.  In  the  side  view  we  can  see  the  ejected 
vortex  and  the  remains  of  the  sweep  vortex  (  see  text  ). 
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